A comprehensive three-dimanslonal Monte Carlo computer cods, _Ion transport in Materials and _Compounds (ITMC), has been developed to study In detail the surface related phenomena that affect the amount of sputtered atoms and backscattered ions and their angular and energy dependence.
I. INTRODUCTION
The behavior of energetic ions in solids has long been studied both theoretically and experimentally for many years.
The theoretical understanding of atonic-displacement effects in solids requires a detailed analysis of the physical processes Involved In slowing down the incident ions. Two major theoretical methods are used to describe ion transport in a solid. I.e., the analytical approach and the Monte Carlo simulation process.
The analytical method Is based on the transport theory approach with special simplifying assumptions *Work supported by the U.S. Department of Energy.
In order to make the problea easy to solve. This approach is usually restricted to certain applications and special cases. The alloy can have different surface and bulk compositions due to possible surface segregation effects. Ion and energy reflection coefficients as well as their angular and energy dependence can also be studied. Sputtered atoms, their energy and angular distribution, and the location Inside the target from which they are sputtered can be calculated for each aton species of the target. The individual contribution of primary and secondary knock-on atoms to the total sputtering yield can also be evaluated for each atom species.
Almost all the known Interatomic potentials can be used to calculate the nuclear scattering cross sections.
Switching from one potential to another at certain energies Is easily done to study the effecC ot the Interatomic potential on range, sputtering, and backscatterlng calculations.
The influence of the inelastic energy loss on various calculations can be studied by using different models for Che slowing down of particles in the target.
It. BASIC ASSUMPTIONS
In the Monte Carlo calculation^ physical quantities such as Ion penetration depth, backseattering and sputtering yields and their spatial, energy, and angular distributions are evaluated from the simulation of the scattering events occurring In a large nunber of simulated ion trajectories within the target. Thus, the accuracy in calculation depends on the number of trajectories used as well as how precisely the calculation simulates the actual complicated trajectories In the target.
In the present calculation, like moat Monte Carlo .oethods, the scattering process is simulated on rhe following major assumptions: 
where a o -0.529A is the Bohr radius.
The universal scattering function f(t 1 ' 2 ) can be written as 9
, (6) where the coefficient A, n, and q are fitting parameters adjusted for different interatomic potentials as shown In Table I . Although the extrapolation of this scattering function nay not be accurate at low values of energy, the cross sections are only used on a relative basis.
At low energies where the screening effect becomes «ore effective, the Born-Mayer (BM) potential is used. The scattering function for this potential is given as ter (3) the moving particle loses energy continuously to electrons while travelling between successive collisions at which nuclear losses occur.
III. CALCULATION PROCEDURE f(tl/2) -24 (7a)
The energy below which this potential can be used is estimated to be A brief summary of some of the models used In the code Is presented here. The formulations used for nuclear scattering and energy loss and the electronic stopping power are given below.
A. Nuclear Scattering
The universal differential scattering cross-section given by LSS theory is do -na' (I)
A combination of any of the potentials shown in Table I and BM pocentlal can be used in calculating the nuclear-scattering cross section.
The total scattering cross section c is than given by t l/2 nax do (
where where
t^-esinf-e . The numerical methods used in determining both 9 m i n and 6^ are highly optimized and very accurate and are described in detail in Ref.
h.
The azimuthal scattering angle C| >J is determined from another uniform random number R 2 whe re 2n R2 (0<R 2 < (13) 
The Brice 13 formula which contains three fitting parameters for each ion-target combination for a wide range of energy can also be used to calculate the electronic stopping. For light ions the Ziegler 1 * fitting coefficients can also be used to calculate the electronic losses for a wide range of energy.
The motion of the incident particle between collisions Is sinulated as free flights of certain length, 6, where the particle loses energy due to electrons.
The step length between collisions can be assumed either constant of proportional to the mean free path, i.e., 
IV. SIMULATION OF KNOCK-ON CASCADE AND SURFACE EFFECTS
For polyatomic targets prior to each collision, a random number is generated to decide the type of atom to be collided with. The probability of collision can be calculated assuming different cross-section models. It is assumed in this calculation that the probability of collision is proportional to the atomic density of the species. If any target atom (j) receives an energy EJ » AEn > J (displacement energy of atom j) and also E l (binding energy of atom j), this atom will be set in motion with an energy AEnand undergo similar scattering events as the incident particle and a cascade la generated.
The recoiled atom In a cascade continues to move, losing its kinetic energy through both elastic and inelastic scattering, until its energy falls below a cut-off energy E| (usually sssuaed equal to the surface binding energy E£) or It leaves the surface as a sputtered atoa. For an atoa to leave the surface it has to overcome a surface barrier U> Two different models can be used to calculate U.
The spherical model In which U^ -E|, and the planar nodel which Is used in this calculation, In which uJ » E^/cos 2 6*, where 8j is the ejection angle of the sputtered atoa J.
In the ITHC code it is assumed that atoms trying unsuccessfully to leave the surface with energy E^ < oJ but with enough energy E> E| will be reflected back into the target as if they were reborn again at the surface with incident energy equal to E-J and Incident angle 6j. These atoas will be followed until their energy falls below Ec or successfully leave the surface. However, if EJ < U^ and E^ < Ej[, these atoms are assumed to be burled in the surface layer.
V. RESULTS AND DISCUSS_On

A. General Applications
Several examples demonstrating the validity of the code for various calculations using different ion-target coabinatlons and coapared with available experiaental data and other known codes are given in Ref. 6 . In this paper we exanine some of the factors that can affect the sputtering yield due to surface and other related phenomena.
One factor is the choice of potential to calculate the nuclear scattering cross section.
There are several potentials developed during the past to describe the atomic Interaction as shown in Table I . However, it is difficult to find an interatomic potential that describes such an Interaction of any ion-target combination in all energy ranges.
For example, it is known that TF potential overestlaates the screening effect of the outer electrons especially at low energy, leading to a shorter range in target materials.
Therefore, in these calculations the TF potential Is used at higher energies and below certain energy, Eo [(Eq. (7b)], the BM potential is used.
The effect of the choice of potential on the sputtering yield of silicon target bombarded by argon Ions with different energies Is shown In Fig. 1 . The choice of argon-silicon combination Is made because of the nsny available experimental data to compare with.
The coabinatlon of TF + BM potentials yield the best sputtering result coapared with two experiaental sets of data, i.e., Rang et al. 15 and Southern et al. 16 At low ion energy of 1 keV the silicon sputtering yield predicted by MOL, LJ, and OK potentials is about factor of two to three lower than that given by TF + BM or the experimental data. Although there are no significant differences in the electronic and nuclear energy losses and the average number of primary recoil cascade among these potentials, the large difference in the sputtering yield Is mainly attributed to the fact that these cascades are generated near the surface in the case of TF + BM potential. 6 The ion range predicted by LJ potential is about 402 higher (at 10 keV) than TF potential with or without BM combination and Is about a factor of two higher at lower energy (at 1 keV).
The MOL and KO potentials yield a slightly higher range of 15 to 202 than the TF potential.
The silicon sputtering yield as a function of angle of incidence i3 shown in Fig. 2 for two different argon energies. The agreement is again very good between the code prediction using TF + BM potential and the experimental data. 
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These low-Z layers act as a plasma shield from the high-Z component of the alloy that could seriously affect plasma performance.
One of these alloys is the vanadiumaluminum alloy (902 V-102 Al at.2 bulk composition) in which the aluminum segregates and forms monolayers of pure aluminum on the surface. Figure 4 shows the vanadium selfsputtering yield for pure vanadium target and for vanadium-aluminum alloy with one and three monolayers of aluminum on the surface. The vanadium self-sputtering yield with one monolayer of aluminum on the surface is reduced by about a factor of two than that of pure vanadium.
With three monolayers the self-sputtering is reduced by a factor of four at the low energy and by a factor of three at the high energy shown In Fig. 4 and Che self-sputtering yield does not exceed unity for energies up tc 5 keV.
The energy spectrum of the sputtered vanadium and aluminum atoms without and with aluminum on the surface for 1 keV incident vanadium Ions are shown in Figs. 5 and 6 , respectively.
If there Is no aluminum surface layer, the sputtering yield of aluminum is only about 14% of the tocal yield (rhe total yield Is roughly equal to that of pure vanadium).
On the other hand, when three nxmolayers of aluminum exist on the surface, the aluminum sputtering yield is about 75Z of the total yield while the vanadium self-sputtering is only 25Z of the total yield. In both cases the energy spectrum of the total sputtering atoms obeys the theoretical E~2 predictions fairly well.
VI. SUMMARY AND CONCLUSIONS
A comprehensive three-dimensional Monte Carlo computer code (ITMC) has been developed to study ion penetration and its related phenomena in single elements or alloys with different multilayers of polyatomic materials having different surface and bulk composition. The code includes a variety of models to calculate the elastic and inelastic energy losses during ion slowing down in target materials. The code Is highly optimized, fast to run, and easy to use.
The agreement between the code and available experimental data is very good.
